Both prokaryotes and eukaryotes respond to DNA damage, in part by altering the global expression profile of hundreds of gene products that function in a variety of cellular pathways (23, 34, 37, 87) . In Escherichia coli and Bacillus subtilis the transcriptional response to DNA-damaging agents has been well characterized (11, 23, 31, 37, 67) . In both organisms, the highly conserved RecA and LexA proteins control the induction of the protective SOS response following DNA damage (for reviews, see references 83 and 88) . RecA positively regulates SOS, while LexA represses this response. RecA binds excess single-stranded DNA (ssDNA) forming a nucleoprotein filament (for a review, see reference 24). The RecA/ssDNA nucleoprotein filament allows for RecA to activate LexA's latent protease activity, resulting in LexA autocleavage and subsequent derepression of the SOS regulon (for a review, see reference 83) . In E. coli, the SOS regulon is comprised of 57 genes (for a review, see reference 77). These genes have been identified as part of the SOS regulon because they have a conserved LexA binding site(s) or because their transcription fails to respond to DNA damage in a strain bearing a noncleavable derivative of LexA [lexA(Ind Ϫ )] (for reviews, see references 77 and 23) .
In B. subtilis, RecA regulates the expression of approximately 600 genes following DNA damage or replication fork arrest (37) . The majority of these genes belong to the prophages PBSX and SP␤ or are induced in response to the expression of these prophage genes (37) . In addition, RecA appears to regulate 26 operons (63 genes) through B. subtilis LexA (11, 37) . As in E. coli, the SOS genes are not inducible in a B. subtilis strain bearing the lexA(Ind Ϫ ) allele and are constitutively expressed in a strain lacking lexA. The B. subtilis SOS regulated genes are also induced following challenge with a variety of DNA damaging agents and following replication fork arrest (11, 36, 37) . Interestingly, only eight SOS regulated genes in B. subtilis have orthologs in E. coli that are SOS regulated; three of these are involved in double-strand break repair (11) . These observations indicate that although the SOS regulatory mechanism is conserved between these two organisms, the genes under the control of LexA differ significantly.
DNA double-strand breaks are deleterious lesions that are lethal if left unrepaired (for a review, see reference 33) . In E. coli, double-strand breaks are almost exclusively repaired through homologous recombination. During homologous recombination, the RecBCD helicase-nuclease enzyme processes double-stranded ends resulting in 3Ј ssDNA that is used as a substrate for RecA loading (for a review, see reference 33). RecA polymerization on ssDNA forms a nucleoprotein filament (41, 42 ; for a review, see reference 77). Once the filament forms, RecA searches for homologous DNA to facilitate base pairing between the broken DNA segment and the intact homolog (40) . The prevailing model is that the RecA/ssDNA nucleoprotein filament provides two functions. One function is to catalyze base pairing with the intact sister chromosome. The second function of the filament is to interact with LexA, stimulating LexA autocleavage and subsequent depression of the SOS regulon (43, 44, 63) . In E. coli several proteins have been identified as modulating formation of RecA/ssDNA filaments in vitro and in vivo. In particular, the RecFOR proteins assist to nucleate the loading of RecA onto ssDNA at gaps (57) . RecBCD can also function to load RecA at the site of a double-strand break. DinI stabilizes RecA/ssDNA filaments, while RecX and RdgC function to limit RecA/ssDNA filament formation (27-29, 48-50, 65, 81, 82) . Several of the proteins mentioned above affect the magnitude of SOS induction in vivo. In B. subtilis less is known about the mechanism(s) that regulates the formation of RecA/ssDNA filaments in vivo. B. subtilis does contain homologs or functional analogs of the RecFOR and RecBCD pathways; however, homologs or analogs of DinI, RecX, and RdgC have not been identified in B. subtilis (1, 3, 4, 18, 19) . These data suggest that the mechanisms regulating RecA/ssDNA filament formation may be very different between E. coli and B. subtilis.
During exponential growth B. subtilis primarily repairs double-strand breaks through homologous recombination (for a review, see reference 14). E. coli and B. subtilis contain very different homologous recombination pathways (for a review, see reference 33). For example, in B. subtilis gene products involved in homologous recombination comprise seven epistatic groups (for reviews, see references 71 and 72). Protein members from three of these epistatic groups have not been identified in E. coli and four of the epistatic groups function in the processing and loading of RecA onto ssDNA (for reviews, see references 2, 24, 33, 71, and 72). The major differences between the homologous recombination pathways of E. coli and B. subtilis are at the steps of RecA loading and regulating the extent of RecA polymerization on ssDNA.
Because the pathways that regulate RecA binding to ssDNA differ substantially and because the RecA/ssDNA filament is required for SOS induction, we wanted to determine whether SOS induction also differs between E. coli and B. subtilis in response to double-strand breaks. To address this, we measured RecA-green fluorescent protein (GFP) focus formation as an assay for RecA loading in vivo and the transcriptional response in single cells to ionizing radiation in E. coli and B. subtilis. In addition, we measured the transcriptional response of B. subtilis to an enzyme-catalyzed double-strand break induced by the yeast homing endonuclease I-SceI. Based on studies in E. coli, the prevailing view is that double-strand breaks are potent inducers of SOS.
We found here that ionizing radiation readily induced RecA-GFP foci in the majority of E. coli and B. subtilis cells. We found that the percentage of B. subtilis cells showing RecA-GFP foci was similar to the percentage of E. coli cells showing RecA-GFP foci following the induction of doublestrand breaks. In contrast to E. coli, we found that SOS induction in B. subtilis was detected in only a small subpopulation of cells following induction of double-strand breaks. These data suggest that the RecA loading response to double-strand breaks is similar between E. coli and B. subtilis; however, the downstream SOS response differs significantly. Furthermore, we measured mRNA levels by using DNA microarrays and found that an I-SceI-catalyzed double-strand break resulted in a slight increase in the expression of LexA repressed genes across a population of cells. These results are in striking contrast to E. coli, which shows SOS induction in most cells following an I-SceI-catalyzed double-strand break (58) or ionizing radiation challenge (the present study). Our comprehensive analysis of B. subtilis in response to double-strand breaks shows that SOS induction is limited and B. subtilis strains incapable of inducing SOS have near wild-type levels of survival to ionizing radiation. Furthermore, we show that wildtype recN ϩ contributes to maintaining the low levels of spontaneous and DNA damage-inducible SOS that were measured in B. subtilis. We conclude that induction of the SOS response is required for double-strand break repair in E. coli, but SOS is not required for survival, nor even induced in most B. subtilis cells in response to double-strand breaks.
MATERIALS AND METHODS
Bacteriological methods. Strains used in the present study are described in Table 1 . B. subtilis strains were grown in Luria-Bertani (LB) or S7 50 defined minimal medium at 30°C (12, 38, 79) . S7 50 , where indicated, was supplemented with 1% glucose, phenylalanine, and tryptophan at a final concentration of 40 g/ml. Where indicated, 1% arabinose and 1% succinate were used in place of glucose (12, 38, 79) . Antibiotic concentrations were used as described previously (12, 76) . Where indicated for ionizing radiation treatment prior to microscopy, 10-ml portions of mid-exponential-phase cultures were placed in 50-ml conical tubes and exposed to a 60 Co gamma irradiator for a dose of 100 or 20 Gy, as indicated.
Live cell microscopy. Microscopy was performed essentially as described previously (78, 79) . Cells were grown in defined S7 50 Microarrays. DNA microarray procedures were performed essentially as described previously (36, 37) . Briefly, PCR arrays representing Ͼ99% of the genome printed on Corning GAPS slides were used. Exponentially growing cultures from three independent samples were grown in LB medium (for ionizing radiation) and S7 50 minimal medium for expression of I-SceI endonuclease. After treatment, cells were collected by centrifugation and processed as described previously (36, 37) to generate a cDNA labeled with Cy5. The Cy5 experimental sample was normalized to a Cy3 signal for a reference cDNA generated as described previously (11, 36, 37) . The microarray analysis included spots with Ͼ80% of the pixels at one standard deviation above the signal obtained for the background. Significance scores were generated by using the significance analysis of microarrays as described previously, and the cutoff for significance was a 1.5-fold change in gene expression and a Q-value of Ͻ5.0 (11, 36, 37) .
E. coli growth conditions for microscopy and ionizing radiation treatment. For microscopy, E. coli strains were grown in M63 minimal medium [ 4 ] at 30°C until mid-exponential growth (optical density at 600 nm of 0.5). For ionizing radiation treatment, 10 ml of cells were placed in a 50-ml conical tube for exposure to gamma rays from the same 60 Co source. After irradiation, cells were placed on agarose pads containing 1% agarose in M63 medium. Cells were stained and visualized as described previously (35) . For ionizing radiation killing experiments, exponential-phase cells were placed in 0.85% saline and subjected to the indicated doses of ionizing radiation. Serial dilutions were plated on LB plates, followed by incubation overnight at 37°C prior to scoring for viable cells. Each experiment was repeated at least three times from independent cultures.
RESULTS
Ionizing radiation exposure induces SOS in most E. coli cells. To establish a basis for comparison to B. subtilis, we pursued experiments in E. coli to determine the level of ionizing radiation sufficient to induce SOS in most E. coli cells. In E. coli, previous work shows that an I-SceI-generated doublestrand break induces SOS in the majority of cells (52, 58) . It has also been reported that SOS induction in E. coli can be detected throughout a population of cells following ionizing radiation challenge with as little as 1.5 Gy (54).
To follow up on these results, we investigated the RecA-GFP focus formation response and the SOS response to ionizing radiation in E. coli. For the untreated control, we found that most cells either had no foci or polar RecA-GFP storage structures (data not shown), confirming previous reports (16, 17, (64) (65) (66) . In contrast, when we treated cells with 100 Gy of ionizing radiation we observed Ͼ99% of cells (n ϭ 978) with RecA-GFP foci with most foci located near mid cell (Fig. 1A) . This experiment shows that RecA-GFP focus formation is stimulated in the majority of cells following ionizing radiation challenge (Fig. 1A) . We sought to determine what percentage of single E. coli cells had SOS induction after challenge with 50 or 100 Gy of ionizing radiation in order to determine whether the percentage of cells we observed with RecA-GFP foci correlates with the percentage of cells showing SOS induction. To measure the SOS response in single E. coli cells, we used a transcriptional reporter consisting of the gfp gene under the control of the LexA-regulated sulA promoter, as described previously (51) . Using this transcriptional reporter strain, we observed SOS induction in 1.2% Ϯ 0.1% (Ϯ95% confidence interval, n ϭ 1,021) of cells grown in the absence of exogenous DNA-damaging agents, confirming previously published results (51). When we exposed these cells to 50 Gy of ionizing radiation, which corresponds to approximately 0.2 doublestrand breaks per cell (13), we observed SOS induction in 72% Ϯ 0.9% (n ϭ 1,329) of cells (Fig. 1B) . When the transcriptional reporter strain was challenged with 100 Gy of ionizing radiation, which corresponds to approximately 0.4 double-strand breaks per cell (13), we observed sulA promoter activity in 96% Ϯ 0.1% (n ϭ 1,420) of cells. Since ionizing radiation induces single-strand breaks and base damage sites in coli cells bearing the sulAp⍀gfp-mut2 promoter were used to monitor sulA promoter activity in response to DNA damage in single cells using fluorescence microscopy. The percentages of cells with sulAp⍀gfp-mut2 fluorescence are shown for untreated cells (n ϭ 1,021) and cells after 50 Gy (n ϭ 1,329) or 100 Gy (n ϭ 1,420) of ionizing radiation. Error bars indicate Ϯ the 95% confidence interval (variance) between at least three independent experiments as follows: untreated, 1. addition to double-strand breaks (for a review, see reference 84), we suggest that the sulA promoter activity is induced in response to other types of ionizing radiation-induced damage. Our results, taken into consideration with the published data for sulA promoter induction following an I-SceI-catalyzed sitespecific double-strand break (58) , suggest that SOS induction is a normal physiological response to double-strand breaks and other ionizing-radiation-induced DNA damage in E. coli.
We performed an ionizing radiation killing curve from 0 to 150 Gy for wild-type and recA-deficient E. coli strains to compare the percentage of viable cells following ionizing radiation challenge. The wild-type strain survived well, with ϳ60% of viable cells recovered following a 100-Gy dose of ionizing radiation, supporting previous observations (52) . In contrast, the recA-deficient strain was highly sensitive, with 0.02% of cells surviving a 100-Gy dose (Fig. 1C) . We performed a similar killing curve with wild-type B. subtilis cells and an isogenic derivative lacking a functional recA gene for comparison. We found that the survival pattern for E. coli and B. subtilis were very similar for the wild-type and recA-deficient strains (Fig.  1C) . Since B. subtilis and E. coli are different organisms and because B. subtilis cells can form chains, we cannot directly compare these killing curves. With that caveat in mind, E. coli and B. subtilis showed similar levels of survival in response to ionizing radiation.
Ionizing radiation induces SOS in a subpopulation of B. subtilis cells. Our results demonstrated that ionizing radiation induces SOS in most E. coli cells. Since E. coli and B. subtilis showed very similar survival curves after ionizing radiation challenge (Fig. 1C) , we investigated whether B. subtilis showed similar responses of RecA-GFP foci and SOS induction. RecA-GFP foci were observed in ϳ10% (n ϭ 447) of untreated cells. After ionizing radiation challenge, RecA-GFP foci were observed in ϳ98% (n ϭ 437) of cells ( Fig. 2 and Table 2 ). The percentages of cells showing RecA-GFP foci following exposure to 100 Gy of ionizing radiation were very similar in E. coli and B. subtilis. To measure DNA damageinducible gene expression in single B. subtilis cells, we used translational fusions to PBSX phage gene xkdF-yfp and SOS regulated gene tagC-gfp, both of which have been described previously (15) . After exposure to 100 Gy of ionizing radiation we only observed PBSX or SOS induction in a subset of cells, 0.4 and 0.3% of cells, respectively ( Fig. 2 and Table 2 ).
We found it striking that 100 Gy of ionizing radiation was sufficient to elicit RecA-GFP focus formation in ϳ98% of B. subtilis cells (n ϭ 437), which is Ͼ200-fold higher than the percentage of cells induced for XkdF-YFP and TagC-GFP expression. As we found in E. coli, ϳ60% of B. subtilis cells were viable following a 100-Gy dose of ionizing radiation (Fig.  1C) . However, we found that less than ϳ1% of irradiated cells showed XkdF-YFP or TagC-GFP expression ( Fig. 2 and Table  2 ). We also challenged the SOS and PBSX transcriptional reporter strains with 1 g of mitomycin C (MMC)/ml as a control to validate the use of these reporter fusions. We found XkdF-YFP (PBSX) expression in ϳ19% of cells (n ϭ 776), TagC-GFP (SOS) expression in ϳ99% of cells (n ϭ 874), and RecA-GFP focus formation in Ͼ99% of cells (n ϭ 1,738) ( Table 2 ). These controls validate that DNA damage does indeed induce expression of XkdF-YFP and TagC-GFP translational reporters (Fig. 2 and Table 2 ). We conclude that DNA damage caused by ionizing radiation at 100 Gy elicits SOS induction in only a small subpopulation of cells, which is in contrast to our results for an identical ionizing radiation dose to E. coli.
An I-SceI-catalyzed double-strand break induces SOS in a subpopulation of cells. As mentioned above, ionizing radiation induces several types of DNA damage in addition to doublestrand breaks (for a review, see reference 84). Because we only observed increased expression of TagC-GFP or XkdF-YFP by ionizing radiation in a small subpopulation of cells, we determined the expression of TagC-GFP and XkdF-YFP in single cells to a site-specific endonuclease that generates only one double-strand break per chromosome. To achieve this, we used the site-specific endonuclease I-SceI (21, 22, 78) . The I-SceI recognition site is located at the cgeD locus in the B. subtilis chromosome at 183 o on the chromosomal linkage map (78) . This strain also carries the I-SceI endonuclease, with expression controlled by a xylose-inducible promoter located at the amyE locus (78) . We have previously shown that after expression of I-SceI, chromosomal breakage is observed in the majority of B. subtilis cells, and RecA-GFP foci are observed in Ͼ70% of cells (78) . We used this system to compare the percentage of cells with XkdF-YFP and TagC-GFP expression with the percentage of cells showing RecA-GFP foci following a I-SceI-catalyzed double-strand break ( Fig. 2 and Table 2 ).
We observed RecA-GFP foci in ϳ10% of cells (n ϭ 447) in a control strain that lacks the I-SceI enzyme and cleavage site ( Fig. 2A and Table 2 ). In contrast, expression of I-SceI in a strain, bearing the enzyme and the cleavage site, resulted in RecA-GFP foci in ϳ75% of cells (n ϭ 424) ( Fig. 2 and Table  2 ). These results are consistent with published data (78) and suggest RecA-GFP loads onto ssDNA in response to an I-SceIcatalyzed double-strand break (Table 2 ). In contrast, to the RecA-GFP data, TagC-GFP fluorescence was captured in only ϳ4.6% of cells (n ϭ 829) following expression of I-SceI (Table  2 ). For comparison, we also determined the level of SOS induction in an isogenic strain lacking the I-SceI recognition site and the I-SceI enzyme and found that the spontaneous level of SOS induction was very low, with ϳ0.06% of cells (n ϭ 3,125) showing TagC-GFP fluorescence (Table 2 and Fig. 2) .
We also used a translational fusion to xkdF-yfp to measure DNA damage-induced PBSX expression at the single cell level following an I-SceI-generated double-strand break. We found that ϳ1.4% of cells (n ϭ 789) had XkdF-YFP fluorescence following an I-SceI-induced double-strand break ( Table 2) . We conclude that an I-SceI-catalyzed double-strand break results in SOS and PBSX gene expression in a small subpopulation of cells. Strikingly, the same condition results in the formation of RecA-GFP foci in the majority of cells (ϳ75%, n ϭ 424, Table  2 ). These results suggest that the assembly of RecA-GFP foci does not directly correlate with SOS induction in B. subtilis following double-strand breaks. Double-strand breaks induce a limited set of LexA-controlled genes in B. subtilis. In B. subtilis, the transcriptional response to a variety of DNA-damaging agents has been characterized (11, 36, 37, (45) (46) (47) . We found that both ionizing radiation and a site-specific double-strand break resulted in Ͻ5% of cells showing either TagC-GFP or XkdF-YFP expression in single cells (Fig. 2 and Table 2 ). We thus used microarray analysis to characterize the genome-wide transcriptional response to a site-specific double-strand break to determine whether other LexA regulated genes were also detected.
To explore the genome-wide transcriptional response to a site-specific double-strand break, we used the I-SceI endonuclease system that we have engineered for use in B. subtilis as described above. Expression of I-SceI was induced with the addition of 0.2% xylose, and the transcriptional response was analyzed at 60 min after induction. We were only able to detect a change in gene expression, excluding genes induced by the addition of xylose, at the 60-min time point (Table 3 and data not shown). We chose to examine a time course up to 60 min because we have monitored the appearance of RecA-GFP foci and an SOS reporter (TagC-GFP) and found that the percentage of cells with foci or fluorescence, respectively, peaks near 60 min (data not shown).
Transcription of LexA controlled genes yhaZ, yneB, yneA, and dinB were induced between three-and ninefold. In B. subtilis, the protein encoded by yneA inhibits cell division and is the functional analog to E. coli SulA (37, 39) . The gene yneB is annotated as a site-specific recombinase, and dinB is predicted to encode a nuclease inhibitor (http://genolist.pasteur.fr /SubtiList/). We observed induction of 7 SOS regulated genes Table 2. out of 63 (11, 36, 37) . Included in these seven genes was an increase in transcription of both the lexA and recA genes. In addition to LexA regulated genes, several xkd genes encoded by the defective prophage PBSX (15) were also detected in the microarray, confirming our observations with the XkdF-YFP reporter fusion. We conclude that the small subpopulation of cells induced for SOS are induced enough to allow for detection of seven SOS regulated genes across a population of cells.
Previously, it has been reported that exposure of B. subtilis cells to conditions that inhibit replication fork progression leads to expression of the DnaA regulon (36) . Since a doublestrand break encountered by a replication fork would likely result in a block of fork progression, we wanted to determine whether DnaA regulated genes were affected. We did not observe activation of DnaA regulated genes following the ISceI-catalyzed double-strand break (Table 3 ). The modest induction of the SOS response is the only break-induced transcriptional response detected in cells with an I-SceI-generated double-strand break. Taken together, the microarray analysis confirmed a limited SOS response at the cell population level, and the reporter fusions show high expression in a subpopulation of single cells after induction of an I-SceI-catalyzed double-strand break.
B. subtilis bearing a lexA(Ind ؊ ) shows nearly wild-type levels of survival after ionizing radiation challenge. Because B. subtilis had only modest SOS induction during double-strand break repair, we hypothesized that a B. subtilis strain incapable of inducing SOS might have near wild-type levels of survival in response to ionizing radiation. We examined the ionizing radiation sensitivity of B. subtilis bearing a noncleavable lexA allele [lexA(Ind Ϫ )] rendering this strain incapable of SOS induction (23) . Indeed, we found that lexA(Ind Ϫ ) allele conferred ionizing radiation survival to near wild-type levels (Fig.  3A) . In contrast, the recA-deficient strain showed rapid killing after ionizing radiation challenge (Fig. 3A) . We found that SOS induction provides a minimal contribution to doublestrand break repair in B. subtilis over the ionizing radiation dosage range examined.
We examined the ionizing radiation sensitivity of an E. coli strain harboring the lexA(Ind Ϫ ) allele. We found that SOS induction is important for resistance to ionizing radiation treatment (Fig. 3B) . The lexA(Ind Ϫ ) strain had a level of survival in response to 50 Gy similar to that of an isogenic strain disrupted for recA. When the dose was increased, the strain lacking recA showed less survival than the lexA(Ind Ϫ )-harboring strain (Fig. 3B) . Taken together, SOS induction is important for survival in response to ionizing radiation-induced damage in E. coli and much less important in B. subtilis.
RecN limits SOS induction in B. subtilis. We compared the genes that comprise the SOS regulon in E. coli and B. subtilis (11, 23) to identify candidate genes that are under LexA control in E. coli and are regulated independently of LexA in B. subtilis. We performed this comparison to identify potential gene products that are important for suppressing SOS induction in B. subtilis. Of the SOS regulated genes in E. coli that are regulated independently of LexA in B. subtilis, recN was the most conspicuous. E. coli recN is a highly expressed SOS regulated gene (23) . The expression of recN appears to be SOS independent in B. subtilis (11, 37) , and RecN provides impor- a For the untreated samples and the 100-Gy-treated and MMC-treated strains, PY79 bears the indicated fusion (RecA-GFP, XkdF-YFP, or TagC-GFP) but is otherwise a wild-type strain and does not encode the I-SceI endonuclease or the I-SceI recognition site. These strains were grown in S7 50 minimal medium supplemented with glucose, tryptophan, and phenylalanine. I-SceI uninduced cells were grown in S7 50 with arabinose as a carbon source. For repressed conditions the cells were grown in S7 50 with glucose, and under expressed conditions cells were grown in S7 50 with arabinose followed by the addition of 0.2% xylose to induce expression of the I-SceI endonuclease. Cells treated with ionizing radiation (100 Gy) were grown in S7 50 minimal medium supplemented with 1% glucose, tryptophan, and phenylalanine. The data presented in this table are from at least two independent experiments. The number of cells scored (n) is indicated in parentheses for each condition.
b Fluorescence was observed for only two cells. The fluorescence intensity was weak compared to the fluorescence intensity after exposure to 1 g of MMC/ml. 
The Q value is the rate of false-positive discovery. A Q value of 1% means that 1 out of 100 is likely to be false positive. The list of genes in this table reflects the significantly upregulated genes that were identified. The gene tagC was induced 1.8-fold in the microarray when comparing I-SceI ϩ xylose with ⌬I-SceI ϩ xylose (data not shown). Raw microarray data are available at NCBI GEO (http://www.ncbi.nlm.nih.gov/geo) under accession number GSE13694. Gene names are from http://genolist.pasteur.fr/SubtiList/. ND, not determined.
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on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ tant roles in homologous recombination (70) . Based on previous observations that RecN-GFP foci associate with doublestrand breaks prior to RecA-GFP and that RecN-GFP foci form in the absence of end processing (73), we found it plausible that RecN might contribute to potent homologous recombination in B. subtilis, effectively minimizing the importance of SOS induction during double-strand break repair. To determine whether RecN affects SOS in B. subtilis, we used the TagC-GFP translational reporter in a strain disrupted for recN (recN::cat) (73) (Table 4) . After challenge with 100 Gy of ionizing radiation, we observed SOS induction in 6.0% (n ϭ 1,248) of recN-deficient cells compared to 0.4% in wild-type B. subtilis cells. Clearly, the damage-inducible level of SOS in the recN::cat genetic background is not as high as what we observed for E. coli; however, the recN::cat background shows a 15-fold (P Ͻ 0.001) increase in SOS induction after ionizing radiation challenge. We were concerned that the elevated SOS induction we observe in recN-deficient cells simply reflected a general phenomenon associated with a partial defect in homologous recombination. To address this, we measured both the spontaneous and DNA damage-inducible SOS in a strain disrupted for recO. RecO is involved in homologous recombination and is in a different epistasis group from recN (4, 32) . We found that the recO::cat allele conferred only a twofold increase (0.2%, n ϭ 2,618) in the spontaneous level of SOS (Table 4) . We observed SOS induction in 0.7% of recO::cat cells after ionizing radiation challenge, which corresponds to a twofold increase relative to our wild-type control (Table 4) . Taken together, recN is important for limiting SOS induction in B. subtilis.
DISCUSSION
We measured the transcriptional response of B. subtilis to an I-SceI-catalyzed double-strand break and ionizing radiation by using genomic microarrays and single-cell fluorescent translational reporters. We found that both ionizing radiation and a site-specific double-strand break results in mild SOS induction at the cell population level and high levels of SOS induction in a small subpopulation of single B. subtilis cells (Fig. 2 and Table 2 ). We observed an increase in expression of seven LexA regulated genes (Table 3) out of approximately 63 (11, 36, 37) in response to an I-SceI-catalyzed double-strand break. We also observed an increase in the expression of genes encoded by the defective prophage PBSX (Table 3 ). In the case of PBSX, most of the genes upregulated in the array are regulated by RecA, but a few including xkdA, contain a LexA binding site and are therefore regulated directly by LexA (11) . Using the fluorescent translational reporters TagC-GFP and XkdF-YFP, we found that SOS and PBSX genes were induced in only a small subpopulation of cells (Fig. 2. and Table 2 ).
These results also show that double-strand breaks result in RecA-GFP foci formation in most B. subtilis cells, and yet we only observed SOS induction in a small subpopulation of cells. These results are in contrast to what we observe in E. coli. When DNA damage is created from exogenous sources (including ionizing radiation and UV) in E. coli, SOS induction can be visualized in most cells (51; the present study). It should be noted, however, that E. coli RecA-GFP can respond to DNA damage in cells deficient for exonuclease III, with only a slight increase in SOS induction measured (16) . These results suggest that under certain circumstances the formation of a TagC-GFP fluorescence was scored in single cells with the indicated genotype. The numbers of cells scored (n) are indicated in parentheses, and each number is from at least two independent experiments. For each strain the cells were grown to mid-exponential phase (optical density at 600 nm of 0.4 to 0.8) in S7 50 defined minimal medium. The data in the table are from at least three independent experiments. Cells challenged with 100 Gy of ionizing radiation were treated at room temperature for 100 min prior to microscopic analysis. For both the untreated and the 100-Gy-treated samples, the increase in the percentage of cells with SOS induction of the recN::cat strain is significant (P Ͻ 0.001).
RecA-GFP foci in E. coli does not necessarily correlate with SOS induction.
NHEJ and SOS induction. B. subtilis can repair doublestrand breaks through two evolutionally distinct pathways: homologous recombination and nonhomologous end joining (NHEJ). Homologous recombination is an error-free repair pathway that uses an intact sister chromosome as the template for repair (for a review, see reference 33). NHEJ rejoins broken DNA ends using limited or no homology between DNA segments (for a review, see reference 25). Until recently, it was thought that NHEJ repair systems were exclusive to eukaryotic organisms (86) . A subset of bacteria, including B. subtilis, contains homologs of the Ku and LigD proteins, which mediate NHEJ in bacteria. These gene products have been shown to provide resistance to ionizing radiation or desiccation in several bacterial species, including B. subtilis (26, 55, 56, (59) (60) (61) (62) 86) .
Because only a very small subpopulation of B. subtilis cells showed SOS induction after challenge with a site-specific double-strand break and ionizing radiation, we investigated the possibility that NHEJ was involved in the repair of some of the double-strand breaks, effectively limiting SOS induction. We found, by using both microarrays and single-cell translational reporter fusions, that NHEJ-deficient cells induced SOS to the same extent as the wild-type control (data not shown). We also found that an NHEJ-deficient strain showed wild-type levels of survival in response to ionizing radiation during exponential growth (data not shown). These data support the observation that NHEJ is growth phase regulated, contributing to doublestrand break repair only during the outgrowth of spores or in stationary phase cells (56, 59, 61, 85) . These results also suggest that NHEJ does not function to limit SOS following the induction of double-strand breaks in exponentially growing B. subtilis cells.
Double-strand break processing in E. coli and B. subtilis. We found that a site-specific double-strand break or DNA damage created by ionizing radiation resulted in SOS induction in a small subpopulation of B. subtilis cells (Fig. 2 and Table 2 ). We found this striking considering that an I-SceI-catalyzed doublestrand break results in ϳ87% of cells showing SOS induction in E. coli (58) and that exposure of E. coli to ionizing radiation results in sulA promoter activity in 96% of cells (Fig. 1A) . In E. coli, double-strand breaks are processed by the RecBCD helicase-nuclease complex, and this enzyme appears to bind and process double-strand breaks in the absence of replication (68, 69, 74) . The RecBCD pathway is the overwhelming pathway used for processing of double-strand breaks to generate a substrate for RecA binding and subsequent homologous recombination (5-10). In the absence of recB, homologous recombinational repair of double-strand breaks is virtually absent, and SOS induction is not observed in cells challenged with a I-SceI site-specific double-strand break (58) .
Chi sites (5Ј-GCTGGTGG-3Ј) in the E. coli genome function to attenuate double-stranded DNA degradation by RecBCD, switching the mode to that of ssDNA exonuclease activity (80) . Chi sites are present in the E. coli genome approximately every 5 kb (53) . As with many gram-positive bacteria, B. subtilis AddAB is the functional analog to the E. coli RecBCD enzyme important for double-strand break processing (1-4, 18, 19) . The AddAB helicase-nuclease enzyme is not the exclusive enzyme for processing double-strand breaks in B. subtilis. Like RecBCD, AddAB also recognizes a chi site in B. subtilis (5Ј-AGCGG-3Ј) (20) . This shorter sequence is present approximately every 750 bp in the B. subtilis genome, which is considerably more frequent than the distribution of chi sequences in the E. coli genome (20) . Like the chi sequence in E. coli, the B. subtilis version is also co-oriented with DNA replication (20) . We have shown in E. coli that SOS induction is important for double-strand break repair, and in B. subtilis SOS is induced only in a small subpopulation of cells. We speculate that the increased frequency of the AddAB chi site in the B. subtilis genome could contribute to the potent doublestrand break repair observed in B. subtilis.
Role of RecN in suppressing SOS induction. As mentioned above, ϳ57 genes comprise the SOS response in E. coli, and ϳ63 genes comprise the SOS response in B. subtilis (11, 23, 31, 77) . Of these, only eight gene products share analogous functions, and only three gene products, recA, ruvA, and ruvB in B. subtilis are involved in double-strand break repair (11, 23, 31, 77) . In E. coli, transcription of six gene products involved in double-strand break repair is under LexA control, the most striking is RecN, which is highly induced early in the SOS response. Because in B. subtilis RecN provides a critical role in double-strand break repair, and expression of recN does not appear to be under LexA control, we investigated a role for RecN in limiting SOS in B. subtilis. We found that B. subtilis strains disrupted for recN demonstrated 20-fold-increased SOS under normal growth conditions (Table 4) . We interpret these results to mean that RecN binds to double-strand breaks, initiating repair and possibly limiting end processing to a level sufficient for RecA recruitment and DNA strand invasion, or that the double-strand breaks are not processed properly, thus inducing the SOS response. In the absence of recN, doublestrand breaks may become overprocessed, leading to an increase in ssDNA bound RecA, resulting in more cells induced for SOS. We examined the level of SOS induction in a recOdeficient strain to determine whether the effect could be explained simply by a partial defect in homologous recombination. We observed only a twofold increase in SOS in a recO::cat strain relative to the wild-type control (Table 4) . We conclude that RecN's role in double-strand break repair contributes to potent repair in the absence of SOS induction.
